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the route, contaminant and extent contamination 
the environmental compartment into which elimination occurs. 

A few definitions will the discussion. When contaminants are 
dissolved in water, organisms occurs when the contaminant 
absorbed across respiratory the gills et 1991, I 990), or less 
commonly, across the cuticular epidermis or exoskeleton (Lien ct a!., I 994; Lien 
and McKim, 1993 ). If uptake exceeds elimination, then bioconcentration has 
occurred. If the ultimate source of the contaminant is not water (i.e., if the 
contaminant is bound to some environmental medium such as sediment or is 
present in an organism's food), bioaccumulation from solid media can occur. 
Because some fraction of the contaminant may detach from solid media and enter 
the dissolved phase, some uptake of the contaminant directly from water may 
occur (Bruner et 1994a). However, it is difficult to separate the fraction of the 
contaminant that originates from solid media and the fraction that is directly 
absorbed from water; bioaccumulation, thus, is understood to include both routes 
of entry into an organism. Once a contaminant moves from abiotic media such as 
water or sediment into living organisms. the contaminants can subsequently move 
through the food chain when, for example, contaminated prey are ingested. 
Trophic transfer is the term that describes the transfer of contaminants between 
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Organism 

Water 

be from contaminated food, 

is an process, contaminants can be eliminated 
from an diffusion, The process on the relative 

the contaminant for the and the compartment into which the contami-
nant is eliminated. Several internal processes dictate the rates 
at that contaminants will be in storage, 
or removed via some excretory process such as fecal Contaminants that 
are susceptible to metabolism can be eliminated via chemical alteration. In addi-

contaminant concentrations can be diluted tissue growth even 
though the contaminants are still present Such dilution may reduce the 
biological effects associated with contamination. contaminants can be 
lost by offloading to neonates through reproduction or, in the case of animals that 

metamorphosis, through Jf an animal is bioaccumulat-
ing, then uptake must exceed loss. When the rates of uptake and loss are the 
organism is at steady state, 



Bioaccumulation and Transfer of Contaminants 

9. 

nant to pass membranes. 
other molecular features such molecular size rlr<Vilfi'P 

and extent of bioaccumulation. Because of the interest in 
with more transfer efficiencies and rates. the of contami-
nants between water and materials has been studied. The 
best small molecule found to be of materials was n-octanc-1-
ol (usually referenced as behavior between octanol and 
water standardized reference source for that has 
very useful for the 

197 ). 
The kinetics and 

of 
of transport into v1 1smu'"'"·' 

of contaminants to the 
difference between the source compartment and the 

and the contaminant's resistance for crossing membranes. Because mem-
branes are of lipid bilayers, the of contaminants to 
dissolve into, and move membranes dictates part of the kinetics of 
transport (Hunn and The rate of exit from the membrane into the 

t1uicl and transport to the site of storage can also 
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Within the effective molecular size range, this relative 
and the a useful 

extent of accumulation. For contaminants that contain 
groups, the the contaminant will influence the 
nr•>'""~'"' (Hunn and For 

of4.74 I 
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between the 
of the'"~''""'"'' 

ionizable functional 

is about 8, PCP 
would be highly ionized 0.05% in the un-ionized form) so pen~ 
etration of the lipophilic membrane to enter the animal will be limited. In the 
of the PCP 5.01, 1985) from 
Lake I 

clearance for pyrene, a contaminant of similar Kow 
was 131 ml · g 1 • h - 1 I the distribution within the 
organism may become limited because of ionization in the fluid of the 
organism, which limits distribution within 
the The ionization for contaminants 

basic as well as acidic functional groups. The relative state of ionization 
will dictate the of into the environment of the mem-
brane due to changes in of the contaminant 

1. 

Once the contaminant enters the organism and distributed to the final storage 
the relative in lipid will permit predictability. As with the distribu~ 

tion between the circulating fluid and the tissue, the partitioning characteristics of 
the contaminant between 1-octanol and the source can help predict the accumula~ 
tion potential of the contaminant. This approach works as well for terrestrial 
organisms as it does for aquatic organisms (Kenega, 1980). For aquatic organisms 
exposed in contaminated water, nonpolar contaminants are accumulated in pro
portion to the octanol/water partition coefficient (K0 w) of contaminants. This was 
first demonstrated by a prediction of the bioconcentration of contaminants by fish. 
The log of the bioconcemration factor (log BCF is defined as log of the ratio of the 
contaminant concentration in the organism to the contaminant concentration in 
the water) was linearly correlated with the log Kow (Neely et al., 1974). The use of 
this approach was further demonstrated through the work of Veith et a!., ( 1980, 
1979) and Mackay ( 1982) on fish. Subsequently, the bioconcentration in both 
invertebrates and macrophytes was examined with respect to log Kow (Gobas et 
a!., 1991; Connell, 1988; Hawker and Connell, 1986). In all cases, there was 
evidence of nonlinearity for large, very hydrophobic contaminants. Some of this 
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was accounted for above. Stcric proper-

molecular surface area, or of even small 

molecules such polychlorinated 
bioaccumulation of contaminants vV<H<'<U~U 

and Connell, I there is evidence that 1-oc-

tanol becomes a Jess ideal solvent for molecules. for the 
octanol removes some of the observed in BCF 

1991). 

the contaminant concentrations to the 
the between 

dictions for accumulation from water However, 

remain that demonstrate the limitations of normalization to 

account for the variation in contaminant accumulation among For in-

Lake Baikal different 
for lake 

vari-

even with was weak for 

and the correlation for PCBs was even more variable 
1988). In some 

normalization may be due to inclusion of 
(Axel man et l 

tics change, the interaction with lipids also 
the slopes of the relationships between 

are different for different contaminant classes 
Will depend On both the rn;mn,nC1 

teristics of the contaminant. Both characteristics will contribute to an interaction 

that will determine the relative contaminant solubility in the organism's lipids and 

the ability of log Kow to that interaction. This predictability will 

generally be good within a and class of contaminants (Axelman et aL, 

1995; Connell, 1988). However, the variance in the BCF may be sub-

stantial if attempts are made to predict across and contaminant classes 

(Connell, 1988). For instance, the for regressions of Kow against the 

lipid-normalized BCF range over an order of among organisms 

whereas the slopes vary from 0.844 to 1.0. (Connell, 1988). Despite the above

mentioned caveats, lipid normalization of contaminant concentrations remains the 

most viable and useful method of predicting BCFs and serves an important role in 

screening new contaminants for potential BCFs. 

9.2.2. Bioaccumulation 

The variance in the predicting contaminant 
log Kow' increases substantially compared with predictions from aqueous ex

posures when attempting to the thc•rn,nt1v,,mnH limits for contaminated 
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sediment exposures. The increased variance results from the matrix of the 
sediment with the for the relative solubility of the 

that if a correction is for the amount of 
then the 

limit for bioaccumulation becomes relative to the freely dissolved 
contaminant concentration the interstitial water, which representative of the 
chemical 1991; McFarland and I McFarland, 
!984). the derived biota sediment accumulation factor 

in which the concentrations 
those in the 
theoretical 
matter and the nro::Jnl<:m 

land and Clark, l 
and sediment matter on a unit mass basis and should not vary with 

In studies that have measured BSAF among and sediments, the 
variance can exceed l 00-fold between the lowest and highest values even for 
the same contaminants 993; Lake et 
The magnitude of this range to result from an absence of true 

state for some of the data. 
appears to be in for the of the 

contaminants in the sediment matrix. If the 
(the amount of sediment cleared of contaminant per mass of per 
used as a measure of normalization to the amount 

matter in the sediment is to all the observed variance 
by a factor of 10 (Landrum and Faust, 994). Further, bioavailability is not even 
the same for contaminants of similar hydrophobicity from single sediment 
(Harkey et I 994a; Landrum and 1991). This change in bioavailability 
appears to be driven in differences in the distribution of contaminants 
among the varying particles within the sediment matrix (Kukkonen and Landrum, 
1996; Harkey et 1994b ). Further, these distributions do not always correlate 
with the amount of organic carbon in a sediment fraction (Kukkoncn 
and Landrum, 1996; Harkey et l it not surprising that the 
relationship between sediment concentration and bioaccumulation is not regular 
even when normalized for organic carbon and lipid. Prediction among sediments 
will likely require additional factors to better account for the interaction of the 
contaminant with the sediment. 

9.3. Factors Affecting Prediction 

9.3.1. Methods Measuring 

Among the factors that affect the ability to predict either bioconcentration from 
water or bioaccumulation from sediments is the method used to measure the lipid 
content of the organism. Lipids have been extracted through the use of several 



This suggests a role for other 
not detected by the above 

Fisher 



tion of 

cesses such as biotransformation that 
used solvent-filled membranes or hexane 
accumulation of contaminants (Sodergren and Okla, 
early work comparisons between the accumulation 

However, there were difficulties with the 



wider range of contami
between the clams and the 

exposures. Because are 
will never reflect the active processes that govern the and loss of contami-

This also serves to suggest that although biocon
when evaluated at steady state, may be 

content) of the neither may 
contaminant in the system. Both biocon
on the toxicokinetics that are dictated by 

chemical and processes contaminant exposure and loss and 
the available contaminant sources. 



the exposure 
There have been several 

the reduction in overall range of doses 

centrations 
pods, Landrum et 
Pawlisz and 

for 
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of contaminants 
bioconcentration. However, 

of contaminated 
for 

have of contaminants 

from dissolved form in water accumulation from any other source and. 

thus. can be considered the source of contaminant exposure in the 
environment and Connell, I Bruggerman et 1981, Chiou et aL, 

Moriarty, 1975). Because there are tremendous political and policy rami

tlcations that stem from resolution of this issue and because the role of lipids in 

bioaccumulation takes on several added dimensions if accumulation from food 
significant, the major points of argument are presented here. 

Identification of bioconcentration as the most relevant route of contaminant 

exposure stems largely from the observation that uptake of contaminants from 

water is very rapid and can quickly generate significant body burdens (Fisher et 

aL, 1993; Reynoldson, 1987). Because bioconcentration is a partitioning phenom

enon between an aqueous phase and a lipid phase, movement of the contaminant 

from water into the organism is driven by the lipid content of the organism and is 

usually predictable from log Kow as described above. Short-term laboratory assays 
are effective in measuring bioconcentration. However, in aquatic systems, most of 

the contaminant load is retained in sediment (DiPinto et a!., 1993). Thus, it is 

highly likely that slower transfer processes such as accumulation from sediment 
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thus. an 

9.6. Role of 

present in 
contaminants can move from 

contaminated prey. Food chain 

In theory. the type and amount oflipid in an animal should determine the extent to 
which a lipid-soluble contaminant will accumulate at each trophic level in a food 
chain in relation to the chemical activity of the contaminant in the source com
pared with the organism (the in However, to accurately assess the 
contaminant movement via ingestion, it is necessary to account for levels in 
both the food (the source of contamination) and the predator (the sink). Addi
tionally, several factors, which do not directly relate to lipid levels, are potentially 
very important in determining food chain accumulation. These include feeding 
rates, digestibility of prey, gut retention time, length and morphology of the 
digestive tract, the rate of fecal egestion, and the growth rate and age of the 
organism (Sijm et 1992; Clark and Mackay. 1991; Thomann, 1989; Serafin. 
1984). These factors may obscure the role of lipids in trophic transfer. 
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of for an 
processes or factors 

for the 

ccntration in water at state: 

BCF = 

-I -I 

Because at equilibrium, f is equal in all 

BCF 

In fugacity terms, the lipid-normalized BCF can be calculated simply the 
ratio of the two capacities for the and water phases. 

Although the transfer processes involved in transfer are more complex 
than in bioconccntration, simple fugacity-based (thermodynamic) models can still 
be used to describe accumulation. Additionally, parameters can be included in the 
model to account for uptake from water as well as accumulation from food. For 
instance, Thomann (I 989) constructed a simplified food chain consisting of phy
toplankton, zooplankton, small fish, and predatory fish. Uptake of contaminants 
by algae consisted of simple lipid-normalized bioconcentration. However, accu
mulation in planktivores and predators included terms describing not only uptake 
from water but assimilation from food as well. The latter were all lipid-normalized 



to occur, contaminants would have to 
In the there 

tion with Once present in the gut, 
dissociated from the bulk 

across the gut wall via 
can be invoked for contaminant transfer: ( 
with the material and move with the 
are left behind while the 

the 
the fugacity 
become higher 
fugacity of the contaminant the food relative to the 
taminants to diffuse food the 
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rate and the amount of food ingested, for instance, 
cu1"'r··•"'" influence on AE. When identical amounts of contaminants 

Poecilia reticulata, in two different volumes of food, the AE 
the in which more food was used (Clark and Mackay, 

AE declined because fecal egestion increased when a higher 
the for the contaminant to 

was not altered between exposures, but the 
the ease of the food 

and an apparent reduction in absorption 
time a factor absorption. Bruner et 

AEs of several contaminants from sediment into zebra 
than of the same contaminants from algae in part 

the sediment in the GIT was much lower. 
in determining AE. For birds, the 

absorb more contaminants (Serafin, I 984). 
reduction in efficiency in the distal portions of the 

of the contaminant may be highest when the greatest 
occurred in distal of the GIT, AE may 

been a thorny one for years and has always 
each food chain element. An early report of 

of DDT levels in a Lake Michigan food 
food chain consisting of sediment, 

detected DDT concentrations of 14, 410, 
The increase in DDT concentration 

with each successive food chain link. Additional 
were later identified. These included resistance to 

and increasing lipid levels with each trophic link 

were contested as a greater mechanistic un
involved in accumulation evolved. In particular, the 



nification in systems invoke 
contaminants across the GIT into the 
mammals have the 
assimilated with dietary In ""-'"'''"" 
GIT in association with 
vehicle for contaminant transport In the 
move diffusion, because the chemical concentration 
ism are similar or than in the 



rates do not change 

that although diffusion 
was the main force 

levels the lipid co-assimilation 
that which was initially This was 
of the food. the fact that 

associated with dietary lipid levels was viewed as evi-
co-assimilation modeL 

results exist to support both models. For instance, a 
in dietary had no effect on benzola]pyrene (BaP). 

or aminostilbene accumulation from food in rats (Laber et 
and ~cumann. 1975). This lends credence to the passive diffusion 

in support of the lipid co-assimilation model has also been 
for extremely hydrophobic contaminants such as BaP (Vet-

Rees al., !97! ). 
the contradictory experimental results, Go bas et al. ( 1993b) proposed a 

that includes aspects of both the diffusion and lipid co-assimilation mecha-
this contaminants remain associated with dietary lipids as they 

move from food into contact with intestinal mucosa. This association is particu
significanl in the case of extremely hydrophobic contaminants for which 

disassociation into the aqueous milieu of the gut is thermodynamically and ki
unfavorable. Thus, attaching to lipid material during the transport avoids 
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is 
in spe-

residues in adult birds may be 



observed 

The above scenario unstudied but presents several testable hypoth-
that could serve as the focus additional research. For maternal 

contaminant loads should decrease after a brood has been 
produced if maternal reserves are the source of embryonic contamination. 
There is at least one this assertion in fish (Sijm et 1992), but 
data in other the suggests that residues 
in embryos should increase in proportion the lipid content of the embryo. 
Monitoring those changes larval development should be informative. 
In any event, the primacy of lipid levels in determining all aspects of contaminant 
uptake highlights the need to examine its role in because the biolog-
ical on appear to be detrimental. 
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